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INTRODUCTION
The purpose of this project is to evaluate changes in
the mineralization at maxillary osteotomy sites in a
quantitative, non-invasive manner using photodensitometry
and to assess the reproducibility of the photodensitometric
method for determining radiographic film density along a
specified scan path.

Specific objectives include:

1) Quantitation of the extent of mineralization at the

osteotomy site relative to the mineral present in
the adjacent bone
2) Determination of the rate of bony repair
3) Correlation of osseous repair with clinical
stability
4) Comparison of the rate of repair between animals of
two different surgical groups
5) Assessment of the linearity of radiographic film
exposure
6) Assessment of densitometer electronics, film
positioning, and area measurement reproducibility
A need has been identified for a quantitative,
non-invasive procedure for measuring the extent of osseous
union following fractures and osteotomies (Siegel et a1.,

1958; Gerlanc et al., 1975; Sonstegard and Matthews, 1976;
Nicholls et a1., 1979).

Traditionally, bone repair has

been monitored using radiographic and clinical examinations
(Matthews et a1., 1974).

Although both techniques are

routinely used to make treatment decisions, they are
-1-

-2neither quantitative nor reproducible between different
surgeons (Sonstegard and Matthews, 1976; Nicholls et al.,
1979).

As a result, accurate evaluation of the state of

bone repair cannot be performed with confidence (Hellewell
and Beljan, 1977).
Several potential applications would exist for a
non-invasive quantitative method of assessing the rate of
mineralization across a bony defect.

An appraisal of

healing as a function of surgical procedure or
environmental variables could be made, and the effect of
intermaxillary fixation on the rate and extent of osseous
repair could be determined.

Baseline descriptive data on a

subject's normal calcification rate would be useful in
objectively evaluating the effects of pharmacolgic agents
or of experimental methods for enhancing healing (such as
electrical or magnetic stimulation) on the repair process.
Comparisons could be made between groups or individuals of
different ages, gender, or nutritional status.
By correlating bony stability with osteotomy repair
(measured quantitatively), a specific point in time may
be identified that would make the decision for removing
intermaxillary fixation more rational and predictable based
on the amount of remineralization at the surgical site.
Presently, this is a subjective decision made by the
surgeon on the basis of manual examination of stability,
radiographic evidence of healing, passage of a designated
amount of time, and the patient's evaluation of symptomatic

-3pain (Sonstegard and Matthews, 1976). If this predetermined
amount of remineralization has not occurred within the
appropriate time, delayed healing or perhaps non-union
could be considered possible.
Diagnostic procedures are most readily accepted by
patients and clinicians when they are non-invasive,
painless, and effective.

Techniques involving injections,

biopsies, or excessive manipulation of injured tissue tend
to be be resisted by the patient.

Diagnostic methods

should be as simple as possible, specific for what is being
measured, sufficiently sensitive to detect small changes,
and reproducible (Henry, 1984).

If a new technique is

superior, it must also be cost effective and, ideally,
should use readily available equipment to make large scale
application of the method logistically feasible.

Existing

health care personnel should need minimal additional
training to complete the procedure.

LITERATURE REVIEW
I.

Conventional Methods
A frequently used procedure for evaluating osseous

union subsequent to fracture or osteotomy is to perform a
clinical examination at various postoperative intervals in
conjunction with a radiographic analysis (Sonstegard and
Matthews, 1976; Nicholls at al., 1979).

The clinical

examination typically involves an evaluation of pain and
tenderness, functional capability, presence of firm
localized callus, and a test of bony stability by applying
torqueing forces to the osseous defect (Matthews et al.,

1974).

Visual inspection of radiographs in determining

fracture repair may not be particularly helpful (Worth,

1972) since fracture lines are often present for a
prolonged period after the traumatic event (Worth, 1972;
Kappel et a1., 1974).

The clinical determination that

union has occurred invariably precedes confirmation by
conventional radiography (Mooney at a1., 1970; Worth,

1972).
Based on visual inspection of radiographs of objects
processed to a known degree of decalcification or treated
by removing a segment of bone and replacing it with water,
loss of 30-50% of the pre-existing mineral content is
necessary before visual radiographic detection becomes
possible (Lachman and Whelan, 1936; Lachman, 1955; Fuei,

1953; Adran, 1951).

Such studies illustrate the

difficulties encountered in assessing mineralization

-4-

-5through evaluation of radiographic film density with the
unaided human eye.

The problem is compounded when the

additional parameters of room light variation, individual
visual acuity differences, and clinical knowledge or
experience are taken into consideration.

When Nicholls et

al., (1979) evaluated the ability of clinicians to
determine osseous union of rabbit tibial fractures on the
basis of radiographs, they concluded that radiologists,
orthopedists, and orthopedic residents were all equally
ineffective at ranking the strength of union.
Several studies have been undertaken to relate the
physical properties of bone to its strength (Mather, 1967;
Hernandez Richter et al., 1973; and Matthews et a1., 1974).
Matthews used a simulator to test the stability of a long
bone fracture by 90 orthopedic surgeons.

He found that

surgeons can detect a similar amount of angular deformation
(2.3 + 0.8 degrees: mean + 1 S.D.) and that the decision to
discontinue fixation was made at a similar point.

However,

this study was based on a mechanical device simulating long
bone fracture and cannot be related readily to the
maxillofacial region.

Using fresh cadaver bones, Mather

(1967) compared bone strength to ultimate load (force
required to cause fracture), energy absorbing capacity,
tensile strength, and modulus of elasticity and concluded
that the correlation between tensile strength and modulus
of elasticity was highly significant, but that the
correlation between ultimate load and modulus of elasticity

-6was significant only for the femur (not for tibia or
humerus).

Thus, very basic physical properties are

difficult or impossible to correlate with bone strength in
the relatively simple long bone model. Such correlations
are likely to be even more complex in the craniofacial
region.
II.

Experimental Methods
Although in the craniofacial region, mechanical

perturbation to test bone strength or stability has not
been correlated with bone mineral content (BMC) in a
quantitative manner, several techniques have been developed
and adapted for clinical use that permit bone mineral
content (bone mineral mass) to be measured.

Among these

are neutron activation analysis (NAA), radioisotope
absorptiometry, radiopharmaceutical imaging, and
photodensitometry (Griffith et al., 1973).

Some of these

procedures for evaluating bone mineral mass have been
applied to the determination of osseous repair subsequent
to fracture or osteotomy (Hellewel1 and Beljan, 1977;
Robertson et al., 1980, Hughes, 1980; Basse-Cathalinat et
al., 1980).

In addition, ultrasonics and osseosonometry

have been used to monitor fracture healing (Gerlanc

~

al.,

1975, Sonstegard and Matthews, 1976, McGaw, 1942).
Harrison (1982) has summarized the current status of
diagnosis using NAA for measuring bone mineral mass in
selected areas of the skeleton.

The technique is based on

the fact that the proportion of [48Ca] in the body is

-7constant relative to the predominant isotope [45 Cal.
Neutrons generated by a plutonium source convert [48 Ca ] to
[49 Ca] which then emi ts a 3. 1 me V gamma ray.

[49 Ca]

activity is proportional to body calcium concentrations.
This technique cannot be used for monitoring fracture
healing because of an inability to control precisely the
incident beam of neutrons passing through the osseous
defect.
Radioisotope absorptiometry was developed in 1963
(Cameron, 1963) as an improvement over photodensitometry
for measuring BMC and bone density.

The stated improvement

(Chesney and Shore, 1982) is attributed to the use of a
monoenergetic beam of radiation instead of an x-ray tube,
and a scintillation counter instead of radiographic film.
However, care must be taken on the selection of the
radioactive source so as not to incorporate error due to
radiation of multiple energies (Henrikson and Bergstrom,

1974).

Also, controversy exists as to which technique,

photodensitometry or photon absorptiometry, is
diagnostically superior (Meema, 1982).
Photon absorptiometry has been adopted for use in
monitoring bony repair of an induced osseous defect
(RelIewe!l, 1977).

A standardized defect was created in

the rooster metatarsus using a device to maintain the
mechanically correct position between the bone and the
cutting instrument. Remineralization rates were determined
relative to a contralateral control. BMC changes of 4% were

-8detectable with a system-electronics error of 1% and a
system-animal interface error of 3%. Soft tissue influence
was determined to be 12%, so changes in soft tissue
thickness of 25% were required to exceed the limits of
experimental error (4%). Disadvantages in this system
include its inability to visualize the osteotomy site prior
to determining the scan path due to imposition of soft
tissue, and a lack of standardization in aligning the
incident beam with the subject in a reproducible manner in
the craniofacial region.

Also, comparing attenuation rates

in relation to adjacent bone rather than measuring
radiation attenuation rates for an osteotomy site in
relation to a contralateral control would be preferable in
order to minimize variables that could affect the measured
value of bone mineral mass (e.g., scatter radiation, bony
fixation and immobilization, soft tissue swelling, and
differences in bone geometry).

Moreover, there is no

contralateral control in the craniofacial region after Le
Fort I osteotomy and soft tissue swelling may be
significantly greater than 25% of the original thickness
(Schaberg et a1., 1984).
Osseosonometry, based on the principle of auscultation,
was originally introduced in 1818 by Laennec and later
popularized by Lippman in 1932 (McGaw, 1942).

It has been

used in the diagnosis and evaluation of fracture healing.
Finger percussion is performed proximal to the fracture
site with the stethescope bell held distal to the fracture

-9(Lippman, 1932).

The sounds are compared to the normal

contralateral side.

Alteration of sound intensity

indicates loss of end to end contact.

Changes in quality

and pitch signify complete fracture or incomplete union.
Substantial experience is required for such evaluation to
be made with confidence (McGaw, 1942).

The technique is

not quantitative and requires a normal contralateral
control; its use is therefore obviated for objective
evaluation of Le Fort I osteotomies.
The use of ultrasound or sound vibration in the
evaluation of fracture healing has been extensively studied
(Anast et al., 1958; Abendschein et al., 1970; 1972;
Gerlanc et a1., 1975; Sonstegard and Matthews, 1976;
Sekiguchi and Hirayama, 1979).
have been used are invasive.

Most of the methods that
Such systems require

placement of piezoelectric transducers on both sides of the
fracture and then the velocity of the induced vibration is
measured.

The velocity of the vibration immediately

postoperatively is similar to that measured at the time of
clinical stability (Gerlanc at al., 1975).

Siegel et al.,

(1958) found that velocity values at the time of clinical
stability were the same as those of normal contralateral
bone.

Gerlanc (1975) also observed that sound velocities

through normal bone were age-dependent and were correlated
with bone density, whereas Siegel (1958) detected no
changes in velocity with osteoporotic bone.

Interposition

of soft tissue between the fractured segments has been

-10shown to affect the velocity of sound vibration conduction
(Dencker and Moberg, 1968).
The significance of sound velocity as it relates to
specific events during bone repair has been a subject of
controversy and no single, widly accepted interpretation
has yet emerged.

If velocity is dependent on bone density,

then considerable variation exists due to gender, age, and
nutritional status (Schraer et a1., 1959).

In order to

cancel these variables, comparisons with normal
contralateral bone must be made.

As noted for

osseosonometry this requirement effectively precludes use
of most ultrson1c techniques in evaluating bony repair
after Le Fort I osteotomy.

Moreover, if a non-invasive

sound production technique is used (Sekiguchi and Hirayama,
1979), swelling or tenderness at the percussion site
prevents generation of the correct signal thereby limiting
the technique's usefulness as a postsurgical procedure.
Since all of the data generated by these studies were from
experiments using long bones, application in the oral and
maxillofacial region has yet to be determined and is likely
to be limited due to the complexity of the anatomical area.
Radiopharmaceutical imaging has been extensively
utilized in medicine, and since 1963 has been applied to
the evaluation of fracture repair (Myers and Olejar, 1963).
The technique involves injection of a radiopharmaceutical
which competes with calcium and phosphate during
osteosynthesis.

Examples include Flourine-18, Strontium-8S

-11and 87-m, and Technetium-99m phosphates (pyrophosphate,
tripolyphosphate, and diphosphonates).

The radioactivity

is monitored by a scintillation camera, usually for about
100,000 disintegrations, and the time recorded.

The number

of counts per minute (CPM) is dependent on the half-life
(t 1/2) and concentration of the radiopharmaceutical in the
tissue under examination.
Limitations exist for the general use of this
technique. Since single injections are inadequate for
studying a prolonged process such as bone repair, repeated
injections of radioactive material would be required.
Multiple intravenous doses of radioactive label would be
difficult to justify on a routine basis (Wahner, 1978)
Tracer techniques are invariably associated with the
presence of radiopharmaceuticals in the circulation (as
well

8S

osteogenic tissue) for several hours before

background levels of radiation subside to the point where
counting error is controlled.

In acute injuries and

infections, significant concentrations of
radiopharmaceuticals may still become sequestered in the
extracellular edema and in areas of increased vascularity,
thus they are not always a direct measurement of bone
forming activity (Basse-Cathalinat et al., 1980; Matin,
1979; Gummerman et al., 1978; Rosenthall et a1., 1976;
Johannsen, 1973).

In addition, radiopharmaceuticals are

useful primarily for monitoring bone formation, not
resorption, so the net amount of bone mineral mass cannot

-12be determined.
The primary benefit of radiopharmaceutical imaging is
in the detection of fractures (Rosentha11 et a1., 1976) and
metabolic bone disease, such as Paget's disease (Hughes,
1980), when routine radiography is insufficient, and also
in diagnosing delayed healing or non-union (Desai et a1.,
1980; Gummerman et al., 1978; Muheim, 1973).

It is not

indicative of when bony fixation should be terminated
(Muheim, 1973).
III.

Photodensitometry
Some of the first bone density calculations were done

with conventional radiography using a standard ivory wedge
as a reference (Stein, 1939).

It is recognized that error

due to scatter radiation and subject positioning must be
controlled.

Absolute values of bone density can be

determined if the composition of the reference ivory wedge
and the thickness of the bone and soft tissue are known.
The first scanning photodensitometer was developed from a
modified Type-B Moll micro-photometer (Mack, 1939).

The

bone was scanned and the output was traced by a recorder.
The peak areas were calculated using a planimeter.
ladders were used as a reference.

Density

In 1949, multiple

segments of bone were scanned, and correction for soft
tissue thickness and scatter radiation were performed
mathematically (Mack et a1., 1949; McFarland, 1954).
Aluminum wedges came into use in the early 1950's, and the
accuracy of the method was again verified by ashing bone

-13from rats (Schraer et a1., 1959) and comparing the mineral
content with the densitometric determination.

Calcium

changes of 4% are detectable and the correlation between
radiographic film density and bone density is high (r •

0.92)
Photodensitometry was developed primarily for detecting
osteoporosis.

It is also extensively used to study

radiographic film density (Beyer-Olsen et al., 1983; Price,

1980) and alveolar bone changes (Bergstrom and Henrikson,
1974).

However, it was recognized in 1949 that a scanning

photodensitometer would be applicable for evaluating bone
healing subsequent to fracture (Mack et al., 1949).
Robertson et al. (1980) monitored osseous changes at the
osteotomy site of Yorkshire pigs following sagittal split
ramus osteotomies. Densitometric peak height at the
osteotomy site decreased relative to the adjacent bone
during the postoperative interval, but a peak was still
discernable after sixteen weeks. This study, however, did
not control variables such as reproducibly scanning the
same cross section of the osteotomy site.

With the use of

metallic implants, significant improvements can be achieved
in this regard because implants can be used to delineate
the scan path.

Also, no attempt was made to correlate bony

segment stability with photodensitometric data, nor was the
reproducibility of the technique evaluated.
The procedure is dependent upon two assumptions: 1.
that the mass of hydroxyapatite is related to the density

-14of the radiographic film in a precise manner, and 2. that
corrections can be made regarding scatter radiation and
soft tissue thickness.

The relationship between film

density and bone mass is given by the equation 1- Ioe-ux ,
where 1 0

1s the intensity of the incident beam of

radiation, I is the intensity of the beam at a distance x
inside the bone, e is the constant 2.718, and n is the
x-ray absorption coefficient which varies with the
composition of the material irradiated.

For bone, which

has a fairly uniform composition, n 1s assumed to be
constant.
The photodensity of radiographic film is defined
by the equation log la/I.

It is dependent upon the

exposure parameters used (mA, kVp, time), the composition
of the material irradiated (bone, soft tissue), film
characteristics (Hurter-Driffield curve for a specific
film), and film processing (Curry

~

al., 1984).

Film

contrast, the density difference between different areas on
a film, depends upon subject contrast and film contrast.
The slope of the characteristic curve (Hurter-Dr1ffield
curve) for a particular film between 0.25 and 2.0 O.D.
units above background fog is termed the average gradient
of the film.

If the average gradient is 1.0, film contrast

will be the same as subject contrast.

Likewise,

duplicating films with an average gradient of 1.0 will not
exaggerate the contrast from the original film.

Gradients

higher than 1.0 will increase subject contrast (Curry et

-15a1., 1984).
In the present study, bone adjacent to the osteotomy
site was used as the control rather than a distant site for
several reasons.

Changes in soft tissue thickness due to

swelling or growth would be similar at osteotomy sites and
adjacent bone because of their proximity (2 mm).

This would

limit the error associated with film density differences
between osteotomy sites and adjacent bone due to variation
in soft tissue mass.

Differences in x-ray imaging of the

defect and the adjacent bone, due to variability of the
photon energies in the primary beam cross-section and
scatter radiation over time, would be minimized.

Bone

geometry and superimposed structures would be closely
matched, and fluctuation in film emulsion characteristics
would be minimal.

Valid comparisons can be made between

the surgical defect and the adjacent bone provided film
density at both locations is always in the linear range of
the Hurter-Driffield curve.
Nilsson and Westlin (1977) reported up to a 15%
decrease in BMC in the distal end of the forearm subsequent
to forearm shaft fracture.

Boyne (1970) reported bone

formation activity in the marrow spaces adjacent to
alveolar osteotomies prior to bone formation at the
surgical site.

Thus, a potential exists for bone adjacent

to fracture or osteotomy sites to be hypermineralized or
hypomineralized immediately after the traumatic event
relative to the BMC present prior to surgery.

In the

-16present study, BMC at the osteotomy site was evaluated
relative to the adjacent bone, and repair of the
surgical site was assumed to be complete when the
photodensity of the reversed image cephalometric film was
the same at both the osteotomy and surrounding bone.
IV. Bone Healing after Maxillary Osteotomy
The surgical procedure used in this study has been
evaluated with respect to the rate of repair both
clinically and histologically (Nanda and Topazian, 1982;
Bell et al., 1975).

The sequence involves infiltration of

blood between the segments with formation of a clot
immediately postoperatively.

At one week, granulation

tissue containing immature fibroblasts is present, changing
to a more fibrous connective tissue after two weeks.

By

four weeks the osteotomy site contains some immature bone
or osteoid.

Bell (1975) reports clinical stability at this

stage, while Nanda and Topazian (1982) report stability at
6-8 weeks postoperatively.

At six weeks, mature bone is

present along with osteoid and osteogenic foci.

By twelve

weeks there is little or no difference between the
osteotomy site and the adjacent bone.

For the purpose of

this study, repair was considered complete when the
osteotomy site was indistinguishable from the adjacent bone
using photodensitometric techniques.
Differences in rates of bony healing in the maxilla can
be due to the condition of the periosteum (Uddstromer and
Ritsila, 1979; Engdahl, 1972).

Both investigators found

-17the periosteum to be primarily responsible for new bone
formation after osteotomy rather than the marrow cavity.
Also, the periosteum of the lateral sinus wall 1s more
osteogenic than the medial mucoperiosteum (Engdahl, 1972).
Thus, differences in the condition of the periosteum,
variation in the size, location and geometry of the
surgical cuts, quality of fixation, magnitude of the
surgical movements, and postoperative care and diet can be
expected to affect the rate of bone formation.

MATERIALS AND METHODS
I.

Animals

A.

Selection of Macaca Fascicularis

In previous experiments related to the craniofacial
complex, the Kacaca mulatta monkey has commonly been used
since growth and development of its midfac1al structures
resemble that of humans (McNamara, 1974; Sarnat, 1958).
However, because of difficulty in obtaining this primate
due to export restrictions, this study utilized Kaeaca
fascicularis monkeys which have been shown to be similar to
Kscsca mulatta in terms of growth, development, and tooth
eruption patterns (Hurme and Van Wagenen, 1961; McNamara et
al., 1975).
A total of six female Kacaca fascicularis monkeys were
used over an eight month period.

Since birth dates for

these animals were not available, ages were determined by
noting the eruption status of the dentition.

The

approximate age of animals with permanent first molars and
central incisors in occlusion is 24 to 32 months according
to the eruption tables of Hurme and Van Wagenen (1953,

1961) and the classification of McNamara and Graber (1975).
B.

Study Groups

The animals were divided into two groups of three, each
group received a different surgical procedure (Table 1).
Group I

(animals I, 2, and 3) underwent a Le Fort I

advancement of 4 mm with minimal reduction of lower facial
height and minimal autorotation of the mandible.

-l8-

Group II

-19(animals 4, 5, and 6) underwent a Le Fort I advancement of

4 mm with a 3 mm impaction of the maxilla to allow for
autorotation of the mandible and a decrease in lower facial
height.

Both groups had Class II occlusions after surgery.

All the monkeys were identified by a number tattooed on the
abdomen.

All were housed under identical environmental

conditons in the Center for Laboratory Animal Care at the
University of Connecticut Health Center and were maintained
on a diet of Purina Monkey Chow (Ralston Purina, St. Louis,
MO.).

After an initial 4-week quarantine period to screen

for communicable diseases (such as tuberculosis), tantalum
craniofacial implants were placed as described below.
Total body weight was measured immediately preoperatively
and then at regular postoperative intervals.
C.

Anesthesia
Prior to taking radiographs, placing implants, or

performing the osteotomies, monkeys were sedated with
intramuscular ketamine Hel (15 mg/kg) and acepromazine
(0.75 mg/kg).

This allowed the animals to be manipulated

while maintaining their protective reflexes.

During the

maxillary osteotomy procedure, an intravenous infusion of
lactated Ringer's solution was initiated and continued into
the postoperative period as needed.

Seventy percent N2 0,

30% 02, and 0.5% fluothane were used to induce and
maintain anesthesia via a nasoendotracheal tube.
Hemostasis was enhanced during surgical procedures by local
administration of 1% lidocaine, 1:100,000 epinephrine.

-20Vital signs and blood loss were monitored.
D. Implantation Procedure
Sterile tantalum implants, measuring 1.5 mm in length
with a diameter of 0.2 mm, were placed on the left and
right sides of the face in the area of the maxillary
canine, first molar, and tuberosity, as well

8S

in the

midline of both upper and lower jaws (Bjork, 1955, Nanda
and Topazian, 1982).

Two implants were positioned at the

cranial base midline (McNamara, 1972, 1976), and on each
side of the zygomaticomaxillary, zygomaticotemporal,
zygomaticofrontal, and frontomaxillary sutures (Fig. 1).
An interval of six to eight weeks was allowed for healing
of the incisions and stabilization of the implants prior to
Le Fort I osteotomy.
E. Surgical Procedures
Experimental Group I:

(Anterior maxillary repositioning,

minimal autorotation of the mandible, minimal reduction of
vertical height, and 4 mm Class II postsurgical occlusion)
A single stage total maxillary osteotomy (Fig. 2A) was
performed on all the experimental animals in this Group
(Nanda and Topazian, 1982). After inducing general
anesthesia and infiltrating local anesthetic solution into
the labial soft tissues of the maxilla, a mucoperiosteal
incision was made superior and lateral to the junction of
the attached and unattached mucosa beginning at the right
zygomatic buttress and extending across the midline to the
opposite buttress.

Periosteal elevators were used to

-21reflect the mucoperiosteum superiorly and inferiorly
thereby exposing the lateral aspect of the maxilla.

In the

region of the piriform rim and the zygomatic buttresses,
the maxilla was scored vertically with a bur to provide
reference lines from which the magnitude of the maxillary
advancement could be measured.

A subperiosteal tunnel was

created which extended from the end of the incision at the
buttress to the pterygomaxillary fissure.
reciprocating saw, a modified Le Fort I

Using a Stryker

stepped horizontal

osteotomy was performed through the facial aspect of the
maxilla. A 5 mm vertical step was made in the buttress
region. The horizontal cut extended from the piriform rim
to the pterygomaxillary fissure parallel to the occlusal
plane and superior to the tooth apices.
The nasal mucosa along the floor of the nose was
elevated beginning in the region of the anterior nasal
spine and was reflected along the lateral walls of the
maxillary sinus below the inferior turbinate for the entire
length of the maxilla.

Using osteotomes, the medial wall

of the maxillary sinus was cut along its entire length.
The nasal septum and vomer were separated from the hard
palate by means of a notched, vomerine chisel.

Finally the

pterygoid plates were separated from the maxilla with a
curved osteotome and the maxilla was down-fractured by
manual pressure.

After the maxilla was mobilized, bony

spicules and interferences were removed and the maxilla was
advanced approximately 4 mm.

The mandible was minimally
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Holes were

drilled in the bone at the piriform rim and buttress
regions, and 24 gauge stainless steel transosseous wires
were placed, tightened, cut, and turned inward producing
firm fixation and adequate stability of the maxilla.

The

oral mucosa was closed with a running 2-0 chromic gut
suture.

No intermaxillary fixation was utilized.

Experimental Group II: (Superior and anterior maxillary
repositioning. autorotation of the mandible, reduction of
vertical height, and a 4 mm Class I I postsurgical
occlusion)
The procedure was performed in a similar fashion to
that described for Group I except that a sloped osteotomy
was done and a wedge of bone removed to allow for maxillary
impaction (Fig. 2B).

The maxilla was advanced a sufficient

distance to allow for autorotation of the mandible into a
Class I I occlusion.

Transosseous wires were placed at the

piriform rim and buttress regions affixing the segment in
place.

II.

No intermaxillary fixation was used.

Evaluation of Osseous Repair

A.

Bone Stability

To test stability, the maxilla was manually manipulated
in the sagittal, frontal, and transverse planes at
postoperative intervals of 1, 2, 3, 4, 5, 6, 7, 8, 9, 11,
13, 17, 21, and 25 weeks.

The animal's head and mandible

were firmly held so that both condyles were seated in their
most superior and posterior position.

Changes in" the

-23overbite, overjet, and dental midlines that were induced by
manipulation of the maxilla were measured and recorded.
Maximum range of maxillary mobility was determined by
subjecting the bone to reciprocal displacement forces in
all three dimensions.

Greater than 1.5 mm of movement was

considered "severe" mobility, 1.5-1.0 mm was designated
"moderate" mobility, 1.0-0.5 mm was considered "slight"
mobility, and a maxilla showing less than 0.5 mm of
movement in all planes was considered to be stable.
B.
1.

Radiographic Assessment
Cephalometry

Lateral cephalometric films were taken after implant
placement, one day after maxillary osteotomy, and at weekly
intervals for the first nine weeks postoperatively. Films
were taken every two weeks for the next month (weeks 9-13)
and then monthly until six months postoperatively.

The

films were taken by positioning the animal's head in a
modified Wehmer cephalostat (Fig. 3) (Nanda and Legan,
1978; Nanda, 1978; Nanda and Topazian, 1982).

A

standardized film exposure and processing technique similar
to that used for orthognathic surgery patients was
utilized.
used.

Kodak Ortho-H film (OR-I), 8" x 10", was

All film was from a single lot (14851).

Each animal

was irradiated using the same film cassette (Kodak X-Omatic
with Kodak Lanex regular screens) each week.

The films

were exposed for 0.1 sec. at 15 mA and 80 kVp at a standard
x-ray source to midsagittal plane distance (60 inches).

-24The film cassette to subject midsagittal plane distance was
6 inches.

The films were batch-developed each week (Kodak

RP X-Omat processor) at 87 degrees Fahrenheit for 48
seconds.
2. Photodensitometry
Left and right side osteotomy cuts are often
indistinguishable on radiographs and may be superimposed.
The osteotomy line most clearly demarcated on the
densitometric plot was used consistently for each series of
scans for a given animal.

Therefore, comparison of the

healing rate at the osteotomy site between the left and
right sides was not performed.
Osteotomy repair

8S

a function of change in

cephalometric radiodensity was quantified using a Corning
Hodel 760 Computing Fluorometer/Densitometer (Fig. 4).

In

the densitometric mode, visible light from a tungstenhalogen source passed through a monochromatic filter, a
detection slit, and sample film. then emerged onto a
photodiode detector (Fig. 5).

The analog output was

processed and plotted by an integrated recorder.

The

instrument's digital readout displayed each peak in
sequence and computed the area under each peak as a
percentage of the total area under the profile (analog
trace) plotted by the recorder.

A peak is defined as that

portion of the plot encompassed by a change in slope from a
negative to a positive value at each end point.

The area

of each peak and relative percentages (ratio of the area

-25under the plot of one peak to the total area under the plot
of an entire scan) were printed.
The detector output voltage was proportional to the
amount of light detected, and was a function of the density
of the region of the film being studied.

If the film was

dense, less light was transmitted and a lower detector
output voltage resulted.

The output was inverted so that

dark areas of the film (high optical density) produced
positive deflections on the recorder.

This allowed light

absorption (i.e., density) to be plotted rather than light
transmission.

Baseline and maximum deflection were

automatically adjusted to maximize the range on the
recording plot with a measurement error of
a.

+ 1%.

Film Reversals

In this study, film reversals were needed because of the
inversion of the output voltage and the desire to have the
metallic implant images produce positive peak deflections.
In this way, zeroing of the baseline and integration of the
area under the peaks can be quantitated automatically by
the densitometer.

In conventional radiographs, dense

anatomical structures appear radiopaque due to fewer
photons interacting with the film emulsion.

As a result,

less silver is precipitated from the silver-bromide
crystals.

During the fixation of the film, areas not

activated by collision with x-ray photons appear clear as
the silver bromide crystals are washed away.

This causes

radiodense structures, such as metallic implants and
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transmitted by the film, causing a higher output voltage
which is then inverted to a low voltage and production of a
"valley" rather than a "peak".

This problem is avoided by

reversing the film image.
Film reversals were produced in a standard film
duplicating machine by exposing Kodak subtraction mask film
(Kodak X-Omat Subtraction Mask Film, KP 63083E, 8" x 10",
Lot 12441321, Eastman Kodak Company, Rochester, N.Y.)
overlaid with the original lateral cephalometric film, for
a period of two seconds (Fig. 6B).

This subtraction film

was chosen due to a property of its emulsion which allows
reversal without changing the contrast present in the
original film (average slope of the H
subtraction film equals 1.0).

&D

curve for the

All original films were

reversed at the same time to avoid variation in processing
chemistry.

The films were developed under conditions

identical to the original lateral cephalometric films. The
reversed films were cut and mounted in 2" x 3" occlusal film
holders to facilitate handling and identifying scan paths
without damaging the film •
b.

Absorbance Characteristics

To evaluate film absorbance characteristics, a randomly
selected cephalometric film reversal was repeatedly scanned
(without removing the film between scans) while varying the
wavelength of light for each scan.

The film was scanned in

increments of 50 nm over the range 400-700 nm using a

-27variable monochromatic filter and then it was scanned with
visible white light.

The wavelength giving the maximum

implant peak deflection was considered to be the optimum.
To assure linearity of film density versus radiation
exposure under designated conditions of kVp, mA, exposure
time, film type, and development procedures, an aluminum
step wedge was inset next to the animals head and included
in all radiographs (Figs. 3,7).

Static optical density

values were measured for each of the 18 steps on the wedge
for every scan in the series from a randomly chosen animal
using a Tobias Associates Model TBX Densitometer.
Comparisons were made to the optical density at the
osteotomy sites and the adjacent bone to ensure that the
area of interest on the cephalometric films was in the
linear portion of the Hurter-Driffield curve (Fig. 8).

The

Hurter-Driffield curve 1s a sigmoidal plot of film density
as a function of radiation exposure.

At high and low

radiation exposures, radiographic film does not exhibit a
linear response to changes in intensity of the incident
beam.

Regression analysis was performed to test the

linearity of densitometer voltage response as a function of
film density variation.
c.

Osteotomy Site Area Measurement

Since an osteotomy site is less mineralized than
adjacent bone prior to complete repair, it appears as a dip
or valley on the plot.

Because the densitometer only

integrates areas under the curve for peaks, osteotomy site
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adjacent bone utilizing the following technique:

Points

were chosen on each side of the osteotomy site on the
plotted curve in a standardized fashion by taking the point
of intersection between the plot and a constructed line
bisecting the vertical lines of the graph paper (Fig. 9).
The number of points chosen was the same for each scan for
a particular animal.

A best fit line (least square

determination) was constructed through these points and
represented the slope of the baseline.

The baseline of the

osteotomy site was considered to be a representation of
what the curve would look like if the surgical site was
completely healed.

Parallel translocation of the baseline

was performed until the contructed baseline intersected the
beginning of the osteotomy site on the plot.
The relative size of the osteotomy site was determined
by counting the squares contained in the area between the
baseline and the plotted densitometric curve.

An ocular

grid in the eyepiece of a dissecting microscope was used
for this purpose.
squares.

The ocular grid was divided into 100

The microscope's magnification was adjusted so

that the entire ocular grid coincided with the smallest
square on the densitometric graph paper.

A square of the

ocular grid was counted if any part of the square was
contained in the area of interest (i.e., the area between
the baseline and the densitometric plot at the osteotomy
site).

This results in an overestimation of the size of

-29the osteotomy site, but since absolute area units are not
relevant and all the scans were measured in a similar
manner, the technique is valid for making comparisons
between scans at different times for a given animal.
III.

Reproducibility

A.

Animal Positioning

To ensure scanning of the same site along the osteotomy
cut at each postoperative interval, scan paths were chosen
between metallic implants.

The peak configuration of each

implant is qualitatively similar at each interval if the
position of the animal's head relative to the incident beam
and the film does not change.

Implant peaks on the

densitometric printout were superimposed to determine
animal positioning error and the scans were assigned
letters on the basis of implant peak configuration prior
to osteotomy site evaluation.

Scans having similar implant

peak configurations were assigned the same letter.

Due to

the machine characteristic of automatically setting the
baseline at zero and the area with the highest density at
100% peak deflection, implant peak height varies between
scans if the maximum density of the film along the scan
path changes relative to the implant peak of interest.
Since the film density at the osteotomy site is measured
relative to the adjacent bone, valid comparisons can be
made even if the overall density of the film changes,
provided the densities of the areas measured fall within
the linear range of the Hurter-Driffield curve (Fig. 8).
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1.

Photodensitometry
Instrumentation Error

To determine measurement error inherent in the
densitometic measurement techniques, a series of thirty
scans were performed between the same two implants on a
randomly chosen film without removing the film between
scans.

Measurements were made of distances between implant

peaks, distances between implants and osteotomy sites, and
the height, width and area of implant peaks.

Descriptive

statistics were applied, and the error was expressed as the
ratio of the 95% confidence inteval over the mean.
2.

Film Positioning Error

Error resulting from positioning the film in the
densitometer at different points in time while attempting
to achieve an identical scan path was estimated in a second
series of thirty scans in which the film was removed from
the densitometer between each scan.

A constant scan path

was established by using a designated set of implants as
described before.

The statistical analysis performed was

similar to that used on the previous series of thirty scans
where the film was not removed between scans.

Comparisons

were made between the two series of scans to determine the
reproducibility of scanning the same path at varying points
in time versus machine electronics error.

In addition, the

error due to machine electronics, film positioning in the
densitometer, variation of photon energies in the primary
beam, scatter radiation, and film processing, were
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step of the aluminum wedge taken weekly on an entire series
of scans from a randomly chosen animal.

This error was

expressed as the ratio of the 95% confidence inteval over
the mean.

3.

Area Measurement Error

The reproducibility of osteotomy site area measurement
was evaluated in the following manner.

Three scans from

each of three different animals were chosen to represent
three different stages of repair.

Scans were selected

immediately postoperatively, one month postoperatively, and
two months postoperatively (near the time of clinical
stability).

The plots were assigned arbitrary numbers, and

each osteotomy site area was measured a total of six times
in random order based upon a sequence derived from a table
of random numbers.

The error was expressed as the ratio of

the 95% confidence interval over the mean area.

4.

Processing and Exposure Error

Variation in radiation exposure and film processing
were analyzed by comparing optical densities of identical
step wedge thickness for films processed at the same time
and at different weekly intervals.

Estimates of error,

expressed as the ratio of the 95% confidence interval over
the mean optical density, were determined.

Comparisons

were made between these estimates of error and those
computed from the data used in determining the linearity of
film density.

RESULTS
I.

Animals
The implantation procedures were accomplished without

complication.

The dosages of ketamine Hel and acepromazine

used provided ample sedation time (30-45 min.) for
inserting implants, monitoring bone stability, and taking
lateral cephalometric films.

The animals' protective

reflexes remained functionally intact during these
procedures.

All implant incisions healed completely prior

to Le Fort I osteotomy.
Although no serious postoperative medical complications
occurred, all animals lost weight subsequent to osteotomy
surgery.

The mean weight loss was 0.2 kg (approximately

10% of body weight).

By the fourth postsurgical week, all

animals had returned to their presurgical weight and
subsequently increased in weight.

Animal No.2 (Group I)

experienced exposure of an intraosseous fixation wire at
approximately 3 months and again at 5 months after surgery.
Both wires were in the cuspid region on the left and right
sides.

At three months, the exposed fixation wire and

adjacent cuspid were removed.

Animal No.6 (Group II) also

required removal of two posterior intraosseous fixation
wires due to exposure six months after surgery.

No other

complications occurred.
The magnitudes of the surgical repositioning of the
maxillas in Groups I and II are shown in Table I.
a maxillary advancement of 4 mm was planned for all
~32-

Although

-33animals, animal No.1 (Group I) received only a 1 mm
advancement.

In the vertical dimension the mean amount of

impaction for Group I was 0.5 mm, which was the anticipated
movement.

Group I I received a superior repositioning of

2.2 + 0.3 mm (mean + 1 S.D.).

This was slightly less than

the 3 mm impaction that was planned.

II.

Evaluation of Osseous Repair

A.

Bone Stability

The number of days between the surgical procedure and
attainment of clinical stability for surgical Group I
Group II is shown in Figure 10.

and

The length of time

required to achieve stability for Group I was 45.7

+ 3.3

days (mean + S.E.M.) and 48.7 + 0.3 days for Group II.
Five out of six monkeys were stable at seven weeks (48.8

+

0.2 days, mean ± S.E.M.); however, animal No.1 was stable
by 39 days.

The difference between Group I and Group II

was evaluated using a Student's t-test for independent
variables and was found not to be significant.
In addition to studying differences in the time needed
for achieving clinical stability, comparisons were made
regarding the time needed for each animal to proceed from
"severe" to "moderate" mobility and from "moderate" to
"slight" mobility as defined earlier (Fig. 10).

No

statistically significant differences were detectable in
the number of days required to pass each transition point.
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1.

Radiographic Assessment
Cephalometry

Visual inspection of serial lateral cephalometric films
(taken weekly) were not easily correlated with changes in
density of the osteotomy site during repair nor with the
points in time when segment mobility changed from "severe"
to "moderate", "moderate" to "slight", or "slight" to
"stable".

By subjective clinical examination of films,

only very subtle differences were discerned between
individual films at weekly intervals and only when those
films were viewed together.

The osteotomy site was clearly

visible one week postoperatively (Fig. lIB).

At four

weeks, the osteotomy line was no longer well demarcated and
was difficult to distinguish from the adjacent bone.
Additional radiograghic changes up to the time of clinical
stability were minimal. Further changes in the density of
the osteotomy line could not be detected through visual
inspction of radiographs from the eighth to the twelfth
week postoperatively (Fig 1Ie,D).
2. Photodensitometry
a.

Absorbance Characteristics

Analysis of implant peak area and peak height as a
function of the wavelength of transmitted light through
reversed or negative image films revealed decreased peak
height and peak area in the 400-450 nm range of the
spectrum relative to other wavelengths (including white
light) (Figs. 12, 13).

Maximal absorbances occurred using

-35550-600 nm monochromatic light and visible white light.
Consequently, visible white light was used to scan all
cephalometric films in this study.
As mentioned earlier, in order to make valid
comparisons between the photometric density of the film at
the osteotomy site and adjacent bone, density values for
these areas must fall within the linear range of the
Hurter-Driffield curve.

This was verified by computing the

mean optical density for each step of the aluminum wedge
for an entire series of scans of one animal (Fig. 14).

The

coefficient of correlation between optical density and step
wedge thickness was -0.99, and the slope of the regression
line was significantly different from zero (p

<

.001).

The

95% confidence interval of the mean optical density of the
osteotomy site and adjacent bone (represented by the dashed
lines in Fig. 14) is four step wedge increments away from
the end points used to determine the linear regression.
All of the density values .easured in this scan series were
within the limits of the points used to determine the
regression line.

Therefore,

th~

densities involved in

studying osteotomy sites and adjacent bone are within the
linear range of the Hurter-Driffield curve and are suitable
for making comparisons between the osteotomy site and
adjacent bone regardless of minor differences in film
density caused by variation in film processing or radiation
exposure or both under the conditions of the study.
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Osteotomy site area measurement

The difference in absorbance between the osteotomy site
and adjacent bone on the negative image films was plotted
as a function of time after surgery for each animal.
Correlation coefficients, determined for each regression
line, varied from -0.88 to -0.96 except for scan path
number two of animal No.1 (r

=

-0.61).

No data was

available from animal No.2 because of the superimposition
of intraosseous fixation wires over the osteotomy sites and
resultant inability to obtain a suitable scan path.
Osteotomy site area (difference in absorbance from the
adjacent bone) plotted as a function of time for surgical
Group I

and Group I I is shown in Fig. 15.

I-intercepts of

the regression lines were the extrapolated values for
osteotomy site area at the time of surgery and were
representative of the relative size of the bony defect.
The slopes of the regression lines were estimates of the
net rate of remineralization of the surgical defects
(mineralization minus resorption).

Comparison of y-axis

intercepts and slopes between Group I and Group I I are
shown in Table II.

A Student's t-test was used to

determine statistical significance between the groups.
The mean y-intercept for Group I

(maxillary advancement

only) was 339 absorbance units; Group I I (maxillary
advancement plus superior repositioning with wedge of bone
removed) had a mean y-intercept of 692 absorbance units.
The difference between the two groups is statistically

-37significant (p

<

.05) and indicates approximation of bony

segments can be performed with greater precision when bone
is not removed.
The slope of the regression line for Group I (4.1
absorbance units/day) was considerably less than the slope
for Group II (10.2 absorbance units/day).

The difference

between the two slopes is statistically significant (p

<

.05) and indicates a higher net rate of remineralization
for osteotomies with a larger surgical defect.
The percent density change at the osteotomy site on the
reversed films from day zero to the time of clinical
stability of Group I was compared to that of Group II.

No

statistically significant difference was found between the
surgical groups.

In addition, the density at the time of

clinical stability was evaluated and no statistically
significant difference was demonstrated between the groups.
The difference in absorbance between the osteotomy site and
the adjacent bone at the time of clinical stability is
similar for surgical Group I and Group II (Fig. 15).
III.

Reproducibility

A. Animal Positioning
Quantitative assessment of error associated with animal
positioning in the cephalometer is beyond the scope of this
study; however, a subjective determination was possible by
inspection of implant peak configurations (Fig. 16).
Implant peaks from different scans of the same animal that
were not directly superimposable were discarded.

Slight

-38imperfections in superimposition of implant peaks were
considered acceptable due to the difficulty of perfectly
repositioning sedated primates in a cephalostat.

Of the

data collected for reporting osteotomy site changes, more
than 75% of the implant peaks were superimposable.
B.

Photodensitometry

The inherent error of the Corning densitometer in
scanning the same film repeatedly, without removing the
film between scans, was less than + 0.5% (p

< 0.05)

for

implant peak area, peak height, and implant-osteotomy
distance, and less than + 0.2% for implant-implant
distance.

This is within the manufacturer's stated

reproducibility for the instrument.
An estimate of film positioning error, with removal of
the film between each scan, again demonstrated high
reproducibility.

The error, expressed as the ratio of the

95% confidence interval over the mean, was less than + 1.0%
for implant peak area, peak height, and implant-osteotomy
distance, and less than

±

0.3% for implant-implant

distance.
The reproducibiltiy of measuring osteotomy site area on
the densitometric plot was high.

The error, expressed as

the ratio of the 95% confidence interval over the mean
area, varied from 1.5% for very small areas to 0.44% for
large areas (Fig. 17).

Linear regression analysis

demonstrated the slope was significantly different from
zero (p

<

.05), and the coefficient of correlation was

-39-0.7.

Thus, more error resulted from measuring small areas

than large areas, which was expected.
Although absolute figures for bone density and bone
mineral mass were not needed in this study, exposure of the
aluminum step wedge and processing of film batches at
different times allowed an estimation of error to be made
regarding changes in film processing and radiation exposure
over time.

Using a static densitometer (Tobias Associates

Model TBI), measurement of the optical density of the
middle step of the wedge for all films used in this study
processed at the same time provided an estimate of the
variability in photon energy of the primary beam, scatter
radiation, and film quality.

The variability, expressed as

the 95% confidence interval over the mean optical density,
was

±

6%.

For films processed at different times the error

or variability increased to + 9% because of the additional
variable of film processing chemistry.
Due to the instrumentation characteristic of the
Corning densitometer of automatically setting the baseline
at zero and maximum peak deflection at 100%, variation in
peak height was less than the variation in optical density
measured by the static densitometer.

As a result, the

variability in implant peak height (not the peak which gave
100% deflection) for an entire series of scan paths of one
animal was studied and found to + 3%.

DISCUSSION
I.

Animals
The frequency of postoperative complications was

minimal and consistent with previously published studies
utilizing a similar surgical procedure (Bell 1975; Nanda et
a1., 1983).

A common postoperative problem in these

studies is devitalization of an animal's maxillary canine.
This occurred to one of the animal's in Group I, and
extraction of the involved canine was required due to the
presence of an apical abcess.
Although no intermaxillary fixation was used, the
animals experienced a mean weight loss of 0.2 kg (10% of
body weight).

This is typical for major surgical

procedures like the Le Fort I osteotomy especially when the
postsurgical diet is not supplemented with a high caloric
diet.

Even with dietary supplements, weight loss of 5-7%

one week to ten days postoperatively is common (Bell,
Proffit, White, 1980).

The monkeys in this study did not

receive a supplemental diet postsurgically.
As noted earlier, the amount of anterior repositioning
for animal No.1 was 1.0 mm, which was less than the 4 mm
advancement planned.

This may be due to the fact that this

was the first animal to undergo surgery.

The maxilla may

have been moved posteriorly as the intraosseous fixation
wires were tightened.

Consequently, bony approximation of

the maxillary segment was excellent which accounts for the
lower value of photodensitometric osteotomy site area
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-41obtained at the time of surgery (210 area units vs. 339 for
Group I). Also, the larger variability in the data
regarding photodensity of the osteotomy site, the net rate
of remineralization (slope of osteotomy area vs. time), and
the time when clinical stability was achieved for Group I
versus Group II may be due to the difference in surgical
movement between animal No.1 and the other animals in Group

I.
II.

Evaluation of Osseous Repair
A.

Bone Stability

The time required for bony stability to occur was
approximately 46 days for Group I and 49 days for Group II.
In previous studies utilizing the same technique, Nanda et
a1.,(1983) reported stability at 6-8 weeks postoperatively
while Bell (1975) reported stability at four weeks.

Since

Bell does not state his criteria for stability, comparisons
to his study are difficult, however, if 1.0 mm or less of
segment mobility was defined as a stable maxilla, then the
time required for clinical stability to occur in the
present study is in accord with Bell's data (Fig. 10).
Differences in the time required for clinical stability
to occur between Group I and Group II were small and
statistically not significant.

However, the maxillary

mobility of Group II (Le Fort I advancement plus impaction)
was consistently greater than that of Group I during the
two month postoperative interval (Fig. 10).

This may

support the idea that different surgical procedures or

-42movements require different lengths of time before
stability or healing can occur (Sevitt, 1981).

If this is

true, then different time periods of intermaxillary
fixation may be appropriate depending if the maxilla is
anteriorly, superiorly, or inferiorly repositioned.

The

lack of a statistically significant difference in mobility
between the surgical groups despite the appearance of the
data may be a reflection of the small sample size of each
group (n -

3).

Based on the histologic data of Bell (1975), bone
formation occurs on the endosteal and periosteal surfaces
of the osteotomy site two weeks after Le Fort I advancement
surgery in Macaca mulatta.

At four weeks, young bone and

osteoid is present throughout the osteotomy area.

At six

weeks mature bone and osteoid are present with new bone
bridging across the defect in some areas.

Depending on how

it is defined, clinical stability may be the result of the
presence of dense fibrous connective tissue and foci of new
bone (4 weeks postoperatively) or it may be the result of
bridging of bone across the surgical defect (6 weeks
postoperatively).

In the present study the greatest change

in mean mobility for Groups I and II occurred from three to
seven weeks after surgery (Fig. 10).

This probably

represented a continuum of biologic events beginning with
the formation of dense fibrous connective tissue across the
osteotomy gap, the formation of foci of immature bone, and
finally,

the bridging of the osteotomy site with new bone.

-44the osteotomy site and the adjacent bone was indicative of
the difference in bone mineral content.

A plot of this

difference in photodensity va. time (Fig. 15) provided
information regarding the relative size of the surgical
defect (y-intercept), and the net rate of remineralization
of the osteotomy site (slope).
A significant difference in the relative size of the
osteotomy site at the time of surgery (day zero) existed
between Groups I and II.

This was a reflection of the bony

appositition between the proximal and distal segments of
the maxilla, and showed that it is more difficult to
achieve ideal bony contact if a wedge of bone is removed
for an advancement plus an impaction (Group II) than it is
for a single saw cut when doing only a Le Fort I
advancement (Group I).
If the net rate of remineralization of an osteotomy or
fracture is related only to the size of the surgical
defect, one might expect a difference in the time required
to achieve bony stability and complete repair. However,
this does not seem to be the case.

The time at which

clinical stability occurred in both groups was similar
though a large difference existed in the size of the defect
at the time of surgery (Fig. 15). For this to occur the net
rate of remineralization of the osteotomy site for Group II
had to be significantly higher than for Group I.

This is

probably due to an increase in the number of osteoblasts
present at the repair site rather than any difference in

-45the functional output of single cells, though the
verification of this is beyond the scope of the study.
Also, the relative difference in bone mineral mass between
the osteotomy site and adjacent bone (y-coordinate) at the
time of clinical stability was similar despite differences
in the size of surgical defect and net rates of
remineralization (Fig. 15). This may be an important
parameter in predicting when clinical stability will occur,
and if so, could be useful in objectively determining when
intermaxillary fixation should be discontinued.
The net rate of remineralization of the osteotomy sites
(slope of osteotomy photodensity versus time) followed a
first order (linear) relationship from postoperative week
one to ten for Group II and one to thirteen for Group I.
Subsequently, the rate gradually diminished as the
difference in photodensity between the osteotomy site and
adjacent bone approached zero.

This relationship is

similar to that reported by Rellewel! et 81.,(1977) for
rooster metatarsus (although the time scale for repair is
shorter in the rooster model, probably due to a difference
in surgical procedure).

Correlation coefficients for

regression lines of osteotomy site photodensity VB. time
for individual animals generally varied from -0.88 to
-0.96.

When the monkeys were grouped according to surgical

procedure, the correlation coefficients decreased slightly
(r

=

-0.70 to -0.84) due to variability in the healing

response between the animals.

-46III.

Reproducibility
In studies designed to simulate clinical situations,

error associated with experimental measurement is often
increased due to variation in biologic response.

This is

compounded when experimental conditions vary (e.g.,
magnitude of surgical movement) or when subject positioning
error prevents measurement of the same area of interest
before and after the experimental treatment.

In this

study, the same surgeon performed all the osteotomies in an
attempt to limit inadvertant treatment variation among
animals of the same group.

Subject positioning error was

minimized during radiographic procedures by having the same
operator position the monkeys in the same cephalost8t
throughout the study.

Moreover, because photodensitometric

methods have the capability of detecting changes in subject
position (due to changes in peak configuration of stable
anatomic structures), a high level of confidence existed
regarding the precision of animal positioning during
radiographic procedures when configurations of
densitometric plots were similar (Fig. 16).

A decrease in

positioning error would be anticipated for human subjects,
who are both conscious and cooperative, in contrast to the
sedated monkeys used in this study.

Therefore, the use of

standardized cephalometric radiography plus verification
from photodensitometric methods should ensure adequate
subject positioning for monitoring craniofacial fractures
and osteotomies in a human population.

-47Other investigators have reported values for
photodensitometric precision (reproducibility) in the range
of 4-8% (Mack, 1949; Griffith et al., 1973; Meema et a1.,
1976; Turnland and Margen, 1979).

All of these

investigations attempted to determine actual figures for
BMC or bone density.

In the present study, no attempt was

made to determine actual values for bone density or BMC,
but rather the relative difference in BMC between the
osteotomy site and the

~djacent

bone.

Variables such as

soft tissue thickness and composition, bone geometry,
radiation exposure, and film processing are eliminated, or
at least greatly reduced, by using the adjacent bone as a
baseline for evaluation.
The sum of densitometer electronics error plus
positioning error associated with aligning the film in the
densitometer was less than 1.0% (ratio of 95% confidence
interval over the mean).

This is within the manufacturer's

specifications and is consistent with other reports
(Turnland and Margen, 1979).

The reproducibility of

measuring differences in film density between the osteotomy
site and the adjacent bone varied from 0.4-1.5% (ratio of
95% confidence interval over the mean) depending on the
size of the area being measured. Since optical density
values were within the linear range of the Hurter-Driffield
curve (H and D curve) for the films used in this study,
differences in film density reflected real differences in
BMC.

Therefore, total densitometer-based instrumentation

-48and measurement error were less than 3%.

This does not

represent an improvement over previous studies since
radiation exposure and film processing error are not
included in the 3% figure, but are included in the 4-8%
range reported by other investigators.
Although variation in film density from radiation
exposure and f11m processing were not critical in this
project, irradiation of the aluminum step wedge allowed
comparisons to be made between films processed at the same
time (radiation exposure error) and those processed at
different times (f1lm exposure and development error).

For

films processed at the same time and under the same
conditions, the variation in photodensity of the aluminum
wedge was 6% (ratio of the 95% confidence interval over the
mean).

This increased to 9% for films processed at

different weekly intervals, which is consistent with other
studies (Mack, 1949; Griffith

~

1976; Turnland and Margen, 1979).

a1 •• 1973; Meema at a1.,

Thus, at least an

additional 6% error, due to variability in film exposure
and processing, would be expected if actual values for BMC
were needed.

Since this is not the case, the increased

precision of radio-isotope absorptiometry is not required.
Moreover, radio-isotope absorptiometry is less adaptable
for use in the evaluation of fracture repair in the
craniofacial region due to a lack of available standardized
instrumentation and inability to visualize the bone prior
to scanning.

CONCLUSIONS
1.

Progressive mineralization of osteotomy sites was
readily quantified using photodensitometric methods.
Plots of osteotomy site radiodensity versus time
yielded regression lines (r

L

0.9) whose negative slope

reflected the net rate of osteotomy site mineralization.
2.

Optical densities of film used in evaluating the
relative BMC of osteotomy sites and adjacent bone were
within the linear range of the Hurter-Driffield curve,
and thus, are suitable for quantitation using
photodensitometry.

3.

Densitometer-based instrumentation and measurement
error were less than 3% for evaluating bone mineral
changes at osteotomy sites.

4.

Visual appearance of radiographs cannot be readily
correlated with the onset of clinical stability or with
the progressive changes in bone mineral mass at
osteotomy sites.

5.

The amount of time necessary for clinical stability to
occur was not statistically different between the
surgical groups despite a large difference in the size
of the surgical defect at day zero (Group II

>

Group

I). However, this may be a reflection of the small
sample size.
6.

The net rate of remineralization of osteotomy sites was
significantly different between the groups.

Group II

(impaction + advancement) had a higher rate of

-49-

-50remineralizat10n than group I (advancement only).

7.

The relative difference in film absorbance between the
osteotomy site and adjacent bone at the time of
clinical stability was essentially the same between the

two groups and may be indicative of when stability will
be achieved.

-51Table I.

Animal No.

Experimental groups and Burgical movement

Surgical Movement1

Surgical Group

(A-P)

1

(Vertical)

1

I

1.0

0.5

2

I

3.5

0.5

3

I

4.0

0.5

4

II

4.0

2.5

5

II

4.0

2.0

6

II

4.0

2.0

Surgical movements expressed in Mm.

-52Table II.

Size of osseous defect and rate of
mineralization

Surgical

Group

1

Osteotomy Size
at Day Zero 1 ,3

I

339 + 78

II

692 + 102

Rate of

Mineralization 2,3

4.1 + 1.3

10.2

±

0.9

Mean relative area on the densitometric plot at the

time of surgery (y-intercept of the regression line of
osteotomy site area versus time).
2

Mean negative slope of the regression line defined in
(1).

3

All values expressed
mean (S.E.M.).

8S

means + standard error of the
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Fig.

1

Photograph of a monkey skull (Kaesea iris)
showing the position of tantulum implants used in
this study.
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Fig.

2A

Diagram of the osteotomy cut used for Group I
(maxillary advancement only).

Fig.

2B

Diagram of the osteotomy cuts used for Group II
(maxillary advancement with superior
repositioning).

A wedge of bone approximately

2-2.5 mm thick was removed from the maxilla on
the left and right sides.
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Fig.

3A

Lateral view of an experimental animal in the
modified Wehmer cephalostat showing the
relationship of the aluminum step wedge to the
animal's head and film cassette.

Fig.

3B

Frontal view of the same animal as in Fig. 3A.
The step wedge was supported by plexiglass plugs.
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Fig.

4

Photograph of the Corning Model 760 scanning
densitometer.

The lid has been raised to show

the location of the film holder and the
photodiode (small black cube in the center of the
lid).

An analog plot of film density

(absorbance) was obtained from the recorder on
the left side of the machine.
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Fig.

5

Flow diagram depicting densitometer function.

~

represents the intensity of the incident beam of
light and I is the intensity of the beam after it
has passed through the reversed image lateral
cephalometric film.

The monochrome filter can be

varied in 50 nm increments from 400 -

700 nm or

it can be omitted in order to have visible white
light as the incident beam.

Note that the output

signal from the photo-diode detector is inverted
so that light absorbance can be measured rather
than light transmission.
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Fig.

6A

Positive image lateral cephalometric film of an
experimental ani.a! one week after surgery.

The

implants appear radiopaque and the osteotomy site
appears radiolucent on conventional radiographic
film.

-64-

-65-

Fig.

6B

Reversed image exposure of the film in Figure 6A.
The implants now appear radiolucent and the
osteotomy site appears radiopaque.

The arrows

designate the linear scan path of the
densitometer beginning at the superior border of
the cranium.
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Fig.

6C

Densitometric plot of the scan path identified in
Fig. 6B.

The origin of the scan is on the left

and represents the anterior cranium (AC) of the
experimental animal followed by the maxilla and
mandible.

The implants used to delineate the

scan path, in order to reproducibly measure the
film density at the osteotomy site over time,
appear as peaks on the plot while the osteotomy
site appears as

8

downward deflection.
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Fig.

7

Photograph of the eighteen step aluminum wedge
used to monitor both variation and linearity in
film density over time.

Each step is 1.5 Mm.
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Fig.

8

Graph of the Hurter-Driffield curve for a
representative cephalometric film.

In order for

film density to have a constant relationship with
subject tissue density, measured optical
densities must fall within the linear portion of
this characteristic curve delineated by the
dashed lines. If the average gradient (slope) of
the curve is larger than 1.0, then film contrast
between different tissues will be greater than
subject contrast.

Films with an average gradient

of 1.0 will not exaggerate subject contrast.
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Fig.

9A

Graph of a portion of a densitometric plot
showing the osteotomy site and adjacent implant.
The osteotomy site appears as a downward
deflection on the plot, and the area of this
deflection represents the relative difference in
mineral mass between the osteotomy site and the
adjacent bone. The methodology used to measure
the area of this deflection at the osteotomy site
is explained in Fig. 9B-9F.

Fig.

9B

Points were chosen on each side of the osteotomy
site in a standardized manner by taking the
intersection of the densitometric plot and a line
bisecting the vertical lines of the graph paper.
The same number of points were chosen for each
scan of a particular animal.

Fig.

9C

A best fit line was constructed through these
points and represented the slope of the baseline
used to delineate the area of the osteotomy site.

Fig.

9D

The line constructed in Fig. 9C was translated in
a parallel manner until it coincided with the
beginning of the osteotomy site. This line
represents what the plot would look like if the
osteotomy site were completely healed.

Fig.

9E

This figure is a magnified view of the plot near
the osteotomy site with the lines of the graph
paper superimposed.

Fig.

9F

This is a magnified view of Fig. 9E ~th the
lines of an ocular grid from a dissecting
microscope superimposed over the smallest square
on the graph paper. Thus, one square of the
graph paper was divided into 100 additional
squares. The area of the osteotomy site was
computed by counting the number of squares it
contained. A square was counted if any part of it
was contained in the area of interest.
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Fig. 10

Graph of maxillary segment mobility versus time
for surgical Group I and Group II.

Stability wa

defined as less than 0.5 mm mobility in all
dimensions.

plotted.

Mean values for each group were
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Fig. IIA

Preoperative reversed image film of animal No. 5
after placement of the tantulum implants.
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-79-

Fig. lIB

One week postoperative reversed image film of
animal No.5.

The osteotomy site appears as a

radiopaque line passing through the 1ntraosseous
fixation wires above the apices of the maxillary
teeth.
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Fig. lIe

Eight week postoperative reversed image film of
animal No.5.
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Fig. lID

Twelve week postoperative reversed image film of
animal No.5.
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Fig. 12

Graph of implant peak height versus wavelength of
incident light.

Note the decreased peak heght in

the 400-450 nm range which may be due to the blue
dye in the base of the cephalometric film causing
increased transmission of this wavelength of
light.

Fig. 13

Graph of implant peak area versus wavelength of
incident light.

Decreased peak area in

th~e

400-450 nm range is due to decreased peak height
as shown in Figure 12.
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Fig. 14

Graph of reversed image film optical density as a
function of step wedge thickness.

The dashed

lines represent the 95% confidence interval for
mean values of optical density for the osteotomy
sites and adjacent bone for all the films of a
randomly selected animal. All optical density
values for osteotomy sites and adjacent bone were
within the limits of the points used to determine
the regression line shown.

The coefficient of

correlation for the regression line was greater
than 0.99.

This ensures that a constant

relationship existed between film density and
subject tissue mass.
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Fig. 15

Graph of osteotomy site photodensity (area)
versus time.

The y-intercept represents the

relative size of the osteotomy defect at the time
of surgery.

For Group I the value was 339 + 78

(mean + S.E.M.) and for Group II it was 692 +
102.

The slope represents the relative rate of

osteotomy site remineralization and is expressed
as the mean + S.E.H ••

The point in time when

clinical stability was reached for each group is
denoted by the arrows.
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Fig. 16

Interval change between densitometric plots of
absorbance versus scan path distance for the same
experimental animal scanned one week apart.
anterior cranium; MAND

=

mandible.

AC

=

The two scans

represented by the solid and dashed lines are
closely matched except for the segments of the
plot denoted by the letters "A" and "B".

In

segment "A" one of the plexiglass plugs used to
support the aluminum wedge was superimposed over
the scan path in only one of the plots, and in
segment "B" the mandible would not be expected to
be reproducibly positioned in the absence of
intermaxillary fixation.

The superimposition of

implant peaks ensured that the experimental
animals were reproducibly positioned in the
cephalostat at both points in time.
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Fig. 17

Graph of percentage error versus osteotomy site
photodensity.

The percent error associated with

measuring relative osteotomy site area decreases
as the osteotomy site area on the densitometric
plot increases.
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